Excited even-parity states of the samarium atom in the energy interval 32620-34092 cm −1 have been studied by using single-color three-photon resonance ionization spectroscopy. The energies and total angular momenta of 72 states were determined. Nine new levels were revealed.
Introduction
Samarium belongs to a group of rare-earth elements with the completely filled external 6 2 -shell, but with the different occupation degrees of the internal 4 -shell. The study of this group of atoms has a fundamental aspect associated with the filling of an internal shell after the external one has been filled, as well as a practical interest owing to numerous applications of those elements in various domains of science and technology.
Despite a rather large number of experimental papers dealing with the samarium atom spectroscopy, the spectrum of atomic energy levels of samarium has not been studied enough. In particular, this is true for bound excited even-parity states. Those states are most interesting from the viewpoint of their practical application in various selective excitation schemes that are used, while solving a wide range of applied problems: the separation of isotopes and the study of their properties, the measurement of ultra low concentrations, high-resolution spectroscopy, and so forth. The overwhelming majority of available data were obtained for even-parity levels of samarium located at energies above 34100 cm −1 . This energy interval has been studied rather well making use of c ○ A.I. GOMONAI, A.N. GOMONAI, 2018 two-step (two-color) [1-4, 6, 8-11, 13] and two-photon (single-color) [5, 7, 12] schemes of level excitation.
Concerning the energies below 34100 cm −1 , there are three relevant works [2, 10, 13] . The analysis of two-step schemes of even-parity level excitation that were used in those works testifies that, according to the selection rules [14] , the authors of all cited works should observe the excitation of levels with the total angular momenta = 0÷2. There are 39 levels with = 0÷2 in the samarium atom within the energy interval 33144-33958 cm −1 , common for those works. However, only 29 levels were experimentally detected in work [13] , 18 in work [2] , and only 2 in work [10] . This fact indicates that the probability of the two-step level excitation strongly depends on the specific excitation scheme.
Taking the aforesaid into account, it is of interest to analyze even-parity states of the samarium atom located at energies below 34100 cm −1 , but using an excitation scheme different from those applied in the cited experiments [2, 10, 13] . In this work, which continues our previous researches [7, 12] , the method of single-color three-photon resonance ionization spectroscopy was used for the determination of the energies and the total angular momenta of excited evenparity states of the samarium atom, which are located in the energy interval 32620-34092 cm −1 .
Experimental Part
The schematic diagram of the experimental installation is shown in Figure. Radiation emitted by a pulsed dye laser FL-2001 (Lambda Physik) pumped by the second harmonic of a Nd:YaG laser was focused into a vacuum chamber making use of a lens (L) with a focal length of 16 cm. In the chamber, radiation intersected at a right angle with a beam of samarium atoms generated by an effusion source. Samarium ions Sm + , which were formed due to the interaction between the atomic and laser beams, were drawn out by appying a constant electric field with a strength of about 100 V/cm. After having passed through a time-of-flight (TOF) mass spectrometer, the ions were detected by a microchannel particle (MCP) detector of the VEU-7 type. The concentration of samarium atoms in the interaction region was about 10 10 cm −3 . The residual pressure in the vacuum chamber did not exceed 10 −5 Pa. The dye phenalemine 160 was used as an active medium. Laser radiation was linearly polarized in the plane parallel to the atomic beam axis. The linear polarization was obtained using a Glan prism (GP). The repetition frequency of laser pulses was 5 Hz. The energy of each pulse was measured with the help of a photo diode (P1) with a calibrated spectral sensitivity. The lasing frequency was determined with an accuracy not lower than ±0.3 cm −1 according to the opto-galvanic spectrum of a Cu-Ne hollow cathode lamp (Cu-Ne HCL) and the transmission spectrum of a Fabry-Perot (FP) interferometer, which was registered by a photo diode (P2). All measured signals were sent to the input of a multichannel registration system (RS) and converted into a digital code, which was read out by a computer (PC). The latter controlled the experimental procedure in whole.
Experimentally, we measured the dependence of the yield of singly charged samarium ions on the lasing frequency, + ( ), within the interval 15140-17050 cm −1 . The radiation line width did not exceed 0.2 cm −1 over the whole examined interval. Samarium ions Sm + were generated owing to the three-photon ionization. The two-photon excitation of even-parity states manifested itself as resonance peaks of various amplitudes in the dependence + ( ). When the lasing frequency was changed, the laser radiation intensity in the interaction region was maintained at a constant level of 
This level makes it possible to reveal the majority of peaks associated with two-photon transitions in the dependence + ( ) [12] . A method for identifying the resonance structure in three-photon ionization spectra and determining the energies and total angular momenta of even-parity states was described in works [7, 12] in detail. Its essence consists in combining the peaks observed in the dependence + ( ) into groups associated with the two-photon excitation of the same upper evenparity levels from different lower levels of the main term 7 . We recall that the lowest seven even-parity levels of the 4 6 6 2 configuration, which form the ground septet term 7 0−6 , are located in an energy interval from 0 to 4021 cm −1 [16] . Therefore, they all become occupied even at relatively low temperatures. In particular, at an operating temperature of the atomic source of about 900 K, they are occupied in accordance with the Boltzmann distribution as follows: 18% ( ( 7 5 ), and 0.5% ( 7 6 ). Hence, according to the selection rules, a certain level can be occupied owing to transitions from different levels of the ground term 7 . In particular, in the case of excitation of the samarium atom even-parity states, these are two-photon transitions obeying the selection rules:
= and Δ = 0, ±1, ±2, where and are the parities of the ground and excited levels, respectively; and the total angular momentum. Additionally prohibited are the two-photon transitions 0 = 0 → = 1 and 0 = 1 → = 0 [14] . The peak frequencies in every group associated with the two-photon excitation of a certain level with the energy are determined by the relation
where 0 ( 0 ) is the lowest-level energy of the ground term, from which the transition takes place. These energies are: 0 (0), 292.58 (1) (5), and 4020.66 cm −1 (6) [16] . When identifying the levels with ≥ 1, only groups containing three or more maxima were analyzed. Note that, in the case of two maxima, the accidental coincidence of the frequencies of observed maxima and the frequencies of possible two-photon transitions is highly probable [7, 12] . Groups with two peaks were analyzed only with respect to the excitation of levels with the total angular momentum = 0, for which only two-photon transitions from the initial levels 7 0 and 7 2 are allowed [14] . Not all possible two-photon transitions allowed by the selection rules manifested themselves as distinct peaks in the dependence + ( ) measured at a lasing intensity of 9 × 10 7 W/cm 2 . In order to reveal such peaks or confirm their absence, the dependence + ( ) was measured at various intensities in vicinities of the corresponding frequencies that were determined by relation (1). The lasing intensity was elevated by increasing the pumping intensity and was reduced by changing the position of focusing lens with respect to the exact focus position with the help of a micrometer screw. In the latter case, a decrease in the intensity was accompanied by a growth of the focal volume and, accordingly, an increase in the number of samarium atoms in the interaction region. As a result, the resonance structure revealed itself better at low laser radiation intensities. The lower limit of the laser radiation intensity was governed by the sensitivity threshold of a recording equipment, whereas the upper limit depended on the spectral interval and was determined by the luminescence curve of the dye phenalemine 160. The maximum intensity of the focused laser radiation in the interaction region did not exceed 5 × 10 8 W/cm 2 .
Experimental Results and Their Discussion
The determined energies and total angular momenta of excited even-parity levels of the samarium atom, as well as the frequencies of two-photon transitions corresponding to the excitation of those levels from various initial levels of the ground term 7 , are quoted in Table. The superscript ℎ is used to mark the transitions that were only observed as rather pronounced peaks in the dependence + ( ), if the laser radiation intensity exceeded 9 × 10 7 W/cm 2 . The total angular momenta 's of excited levels were determined according to the selection rules [14] and proceeding from the values of the total angular momentum 0 of the initial levels, from which twophoton transitions took place. For the excited levels with = 0÷4, which parameters are quoted in Table, the selection rules are as follows:
Note that Table does not contain columns associated with two-photon transitions from the initial levels , which should be observed if the levels with the total angular momenta = 3 and 4, respectively, were excited, because no such transition were detected. In our opinion, this occurred because of a low probability of those transitions together with a very low population of the 7 5 and 7 6 levels. According to the literature data [2, 10, 13] , there are 64 excited even-parity levels of the samarium atom in our spectral interval. Of those levels, the excitation of 27 levels was observed in work [2] , 18 levels in work [10] , and 28 levels in work [13] . The energies of corresponding levels determined by the cited authors are also given in Table. A comparison of our energy values with the data of works [2, 10, 13] testifies to their good agreement. The maximum difference from the data of work [2] does not exceed 0.3 cm −1 , 0.5 cm
from the data of work [10] (No. 71), and 0.6 cm
from the data of work [13] (No. 13). The levels presented in Table can be conditionally divided into two groups. The first group consists of 59 levels for which -except for four ones (these are Nos. As for # , * , , and ℎ , see the explanation in the text.
two-photon transitions associated with their excitation were detected. This fact allowed us to unambiguously determine the total angular momenta of those levels. For levels 1, 5, and 23, as was marked above, we did not manage to detect peaks associated with their two-photon excitation from the initial 7 5 level. In the case of level 71, the frequency of the allowed two-photon transition from the initial and the absence of a transition from the initial level 7 0 onto the indicated four levels enable us to assert that, according to the selection rules ( 0 = 1÷5 → = 3), the total angular momentum of those levels equals = 3.
Note that Table exhibits two possible values of the total angular momentum, = 1 and 3, for level 1. This occurs because the two-photon transition ). The shape of the cor-responding peak observed in the dependence + ( ) does not allow to make an unambiguous conclusion about whether this maximum is a manifestation of both indicated transitions or only one transition, namely, 3 (No. 17), which, according to the selection rules ( 0 = 0÷4 → = 2), means that the total angular momentum of those levels equals = 2. However, this value does not coincide with the data of works [2, 10] (see Table) . The fact that the experiments in works [2] and [10] , where different two-step schemes to excite level 53 were used, gave the same value of its total angular momentum, = 1, testifies to an accidental coincidence of the frequencies of peaks detected in the dependence + ( ) with the frequencies of the two-photon transitions Table. An insignificant difference between our energy value of level 53 (33116.8 cm −1 ) and the data of works [2] (33116.7 cm −1 ) and [10] (33117.0 cm −1 ) evidences that, most likely, we deal with the excitation of the same level. For this reason, Table gives the value of the total angular momentum for this level, = 1 [2, 10] . In our opinion, a similar situation takes place in the case of levels 15, 17, 39, and 40. Therefore, the values of taken from work [2] are also indicated for them in Table, and the "accidental" transitions are underscored.
We revealed nine new even-parity states of the samarium atom. There are no data about them in the literature. In Table, they are marked by the superscript #. According to the selection rules [14] , the excitation of all those levels could also have been observed in work [10] , four levels (Nos. 1, 2, 21, and 22) in work Jay [2] , and two levels (Nos. 21 and 22) in work [13] . However, the authors of the indicated works did not detect those levels. In our opinion, this fact is associated with a low probability of their twostep excitation in the framework of the schemes used in works [2, 10, 13] .
At the same time, we did not succeed in detecting the two-photon transitions associated with the excitation of the level = 33530.8 cm 
Conclusions
Excited even-parity states of the samarium atom have been studied, by using the single-color three-photon resonance ionization spectroscopy method. The energies and total angular momenta of 72 states within the energy interval 32620-34092 cm −1 were determined. Nine new levels were found, the data on which are absent from the literature.
A comparison of the results of our work with the data of works [2, 10, 13] , which were obtained with the use of other excitation schemes of those levels, demonstrates their good agreement. The maximum difference between the energy values obtained in our experiment and in works [2, 10, 13] does not exceed 0.3, 0.5, and 0.6 cm −1 , respectively. The exact total angular momenta were determined for 53 levels. Our -values obtained for 36 levels coincide with the data of works [2, 10, 13] , and the results for 9 levels are completely consistent with the set of possible values proposed in works [2, 13] .
Within the energy interval 33144.3-33957.7 cm −1 , which is common for our work and works [2, 10, 13] , and where the levels with = = 0÷2 are located, we observed the excitation of 41 levels; the excitation of 18 levels was observed in work [2] , 2 levels in work [10] , and 29 level in work [13] . Thus, the advantages of the method of single-color three-photon resonance ionization spectroscopy also include a possibility of detecting, in the same experiment, a maximum possible number of excited even-parity levels, two-photon transitions into which are allowed by the selection rules.
